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INTRODUCTION 

The concept of a hydrogen-permeable c a t a l y s t  has n o t  p r e v i o u s l y  been reduced t o  
p r a c t i c e  f o r  any gaseous o r  l i q u i d  m i x t u r e  o f  coa l -de r i ved  compounds, i n c l u d i n g  SUI- 
f u r  compounds. The o n l y  known ins tance  o f  t he  use o f  t h i s  concept i s  t h a t  descr ibed 
i n  a U.S. Patent by Rudd ( 1 ) .  I n  h i s  work hydrogen was d i f f u s e d  under pressure through 
a pa i i ad ium c o i i  i n t o  a vessei c o n t a i n i n g  ethy iene.  The ethy lene was r e a d i l y  reduced 
t o  ethane, presumably by r e a c t i o n  w i t h  t h e  hydrogen a t  t h e  pa l l ad ium sur face,  t h e  
pa l l ad ium a c t i n g  as a c a t a l y s t .  The hydrogen f o r  t h i s  r e a c t i o n  was apparent ly  l i m i t e d  
t o  t h a t  which had d i f f u s e d  j u s t  t o  the  su r face  o f  t h e  pal lad ium, and was present  as 
atomic hydrogen. I n  another  experiment, Rudd demonstrated t h a t  an ox ide  coa t ing  pro- 
duced on one s i d e  o f  a Has te l l oy  B d i s c  cou ld  be completely removed by d i f f u s i n g  hy- 
drogen through the  d i s c  f rom t h e  non-ox id ized s ide.  
hydrogen permeable c a t a l y s t  a r e  i m p l i e d  i n  t h i s  demonstrat ion, a l though Rudd d i d  no t  
t r y  t o  use Has te l l oy  B as a c a t a l y s t .  

The s e l f - c l e a n i n g  e f f e c t s  of a 

The successfu l  implementat ion o f  t h e  concept o f  hydrogen permeable c a t a l y s t s  t o  
coal -der ived gases o r  l i q u i d s ,  and even coa l  o r  coa l / recyc le  o i l  s l u r r i e s ,  may o f f e r  
seve ra l  t echn ica l  and economic advantages. These could inc lude the v i r t u a l  absence 
o f  unused hydrogen t h a t  has t o  be p u r i f i e d ,  recompressed and recyc led  a t  cons iderable 
expense, because e s s e n t i a l l y  a l l  t h e  hydrogen could be consumed a t  the c a t a l y s t  su r -  
face, w i thou t  forming hydrogen bubbles. 
work, i s  t h a t  the c a t a l y s t  su r face  c o u l d  be kep t  f r e e  o f  carbon deposi ts  becaiise, 
j u s t  as oxides were removed by r e a c t i o n  w i t h  hydrogen d i f f u s i n g  up through the  metal,  
so cok ing precursors would be conver ted  by hydrogenation, p reven t ing  t h e  fo rma t ion  
o f  carbonaceous deposi ts .  F i n a l l y ,  i t  m y  be p o s s i b l e  t o  prevent  t h e  b u i l d u p  o f  
m ine ra l  deposits when coal  o r  coa l  s l u r r i e s  a r e  used, because the  presence o f  a mono- 
molecular  o r  monoatomic l a y e r  o f  hydrogen a t  t he  su r face  would prevent  t h e  adhesive 
fo rces  between t h e  minera l  p a r t i c l e s  and the  c a t a l y s t  su r face  from be ing  e f f e c t i v e .  

Another advantage, as suggested by Rudd's 

EXPER I MENTAL PROCEDURE 

Reactor Design and Func t ion  

The general r e a c t o r  des ign i s  b r i e f l y  as fo l l ows .  The s h e l l  o f ' the hydrogen 
permeable c a t a l y s t  r e a c t o r  cons i s ted  o f  3- inch O.D. schedule 80 s t a i n l e s s  s t e e l  
v ipe,  4- feet  and P i n c h e s  i n  l eng th .  
i ng  f rom one inch  t o  3/8 inches i n  diameter. The o t h e r  end was modifed t o  accept 
tub ing  from 1/2 to  3/8 inches i n  diameter. One q u a r t e r  i nch  openings were made i n  
t h e  reac to r  w a l l s  t o  p e r m i t  i n l e t  and ven t ing  o f  gases. Ca ta l ys t  tubes were connect- 
ed a t  each end to s h o r t  l eng ths  o f  s t a i n l e s s  s t e e l  tub ing.  The s t a i n l e s s  s t e e l  tub- 
ing,  ho ld ing  the  c a t a l y s t  tube, was i n s e r t e d  i n t o  t h e  reac to r  a t  t h e  end con ta in ing  
t h e  l a r g e r  opening, and a l l owed  t o  p ro t rude  from t h e  lower end o f  t h e  r e a c t o r  f o r  a 
l eng th  o f  about 8 inches. The r e a c t o r ,  c o n t a i n i n g  t h e  c a t a l y s t  tube, was suspended 
v e r t i c a l l y  i n  a h i g h  temperature furnace. Connections were made t o  the  w a l l s  o f  the 
s h e l l  t o  permi t  i n l e t  and v e n t i n g  o f  gases. Connections were made t o  t h e  s t a i n l e s s  
s t e e l  t ub ing  a t  t he  bo t tom o f  t h e  r e a c t o r  t o  pe rm i t  hydrogen s u l f i d e  and hydrogen 

One end o f  t he  p i p e  was adapted to  accept tub- 
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f o r  p r e s u l f i d i n g ,  and l i q u i d  feed t o  e n t e r  the tube, w i t h  app rop r ia te  va l v ing .  The 
upper end o f  t he  tube went d i r e c t l y  i n t o  a product  r e c e i v e r  (gas l i q u i d  separator) .  
Lines from the g a s - l i q u i d  separator  were connected t o  a c o l d  t rap,  and then i n t o  a 
wet t e s t  meter f o r  measuring any gas f low. 

Hydrogen Permeable Ca ta l ys t  Tubes 

The th in -wa l l  n icke l -200 tub ing  was composed o f  99.5 w t .  % N i ,  w i t h  smal l  
amounts o f  i r o n  and manganese. Dimensions o f  the tubes were 17-7/8 i nch  length 
by 3/8-inch O.D.,  w i t h  w a l l  th ickness reduced f rom 0.035-inch t o  0.017-inch t o  a 
p o i n t  approximately one inch  from each end. Samples o f  f i n e l y  porous nickel-molybde- 
num and cobalt-molybdenum tub ing  were f a b r i c a t e d  a t  Oak Ridge Nat ional  Laboratory 
from micron-range powders by flame sp ray ing  on a mandrel, f o l l owed  by high-tempera- 
t u r e  s i n t e r i n g  to  d e n s i t i e s  i n  excess o f  95% o f  the  n a t u r a l  dens i t y .  The dimensions 
a f t e r  s i n t e r i n g  were 16.5-inches length,  0.181-inches I . D . ,  and 0.396-inches 0.0. 
The t o t a l  length was 21-inches a f t e r  b r a z i n g  on n i c k e l  t i p s  f o r  ease o f  mounting i n  
the  reactor .  

Cata lyst  tube permeabi 1 i t y  measurements were made by determin ing the  hydrogen 
f l ow  from the s h e l l  s i d e  through t h e  permeable t u b i n g  by t h e  w e t  t e s t  meter connected 
t o  t h e  tube s ide  o f  t he  reac to r .  

The i n t e r n a l  sur faces o f  a l l  c a t a l y s t  tubes were coated w i t h  a metal s u l f i d e  

A f t e r  s u l f i d i n g ,  
l a y e r  by passage o f  a 50% hydrogen s u l f i d e  and 50% hydrogen m ix tu re  through the tube 
f o r  f o u r  hours a t  a c a t a l y s t  tube temperature o f  400°C. 
the e n t i r e  reac to r  system was cooled t o  100°C, purged w i t h  n i t r o g e n  t o  remove a l l  
t races of  hydrogen s u l f i d e .  

Hydrogenation o f  l i q u i d  feed wa5 accomplished by pumping the feed a t  a p rede t -  
ermined r a t e  up through the  c a t a l y s t  tube t o  reac t  w i t h  hydrogen d i f f u s i n g  from 
the s h e l l  through the c a t a l y s t  tube w a l l .  Experimental runs were made a t  c a t a l y s t  
tube temperatures from 250°C t o  450°C and s h e l l  s i d e  pressures o f  655 p s i g  hydrogen t o  
1510 p s i g  hydrogen. 
1,495 ps ig.  Temperatures i n s i d e  t h e  tube were determined w i t h  a thermocouple i n  an 
a x i a l l y  pos i t i oned  w e l l .  

Analyses 

Hydrogen pressures i n s i d e  t h e  tube v a r i e d  f rom 650 p s i g  t o  

The i d e n t i t i e s  o f  t he  metal s u l f i d e s  were determined by x-ray d i f f r a c t i o n  
ana lys i s ,  w h i l e  t h e  composit ions o f  t h e  l i q u i d  feeds and l i q u i d  p r o d u c t s , a d  the 
composit ion o f  t h e  gaseous products ,  were determined by gas chromatography/mass 
spectrometry, and gas chromatography. Other analyses were employed, as requi red.  
The hydrogen pe rmeab i l i t y  values f o r  n i c k e l  metal a re  known (2). 

D I S C U S S I O N  OF RESULTS 

Thin Wall N icke l  Tubing Reactors 

1. Runs w i t h  Tar O i l  i n  N i  Tubes. X-ray d i f f r a c t i o n  analyses o f  t h e  var ious samples 
o f  s u l f i d e d  n i c k e l  t ub ing  showed t h a t  i n  each instance t h e  c o a t i n g  on the  i nne r  w a l l  
cons i s ted  o f  a m ix tu re  o f  N ~ ~ S I ,  and N i 3 S 2 .  The l a t t e r  compound, n i c k e l  subsu l f i de ,  
was very l i k e l y  the  o n l y  form present  soon a f t e r  t h e  s t a r t  o f  each hydrogenation 
run. According t o  Weisser and Landa (3) a l l  n i c k e l  s u l f i d e s  are r a p i d l y  conver ted 
t o  the subsu l f i de  by hydrogen i n  any use o f  t h e  s u l f i d e s  f o r  hydrogenat ion reac t i ons .  
In  any event, a l a r g e  amount o f  N i 3 S 2  was observed f o r  bo th  the f r e s h  and used tub ing.  
Weisser and Landa a l s o  descr ibe the  use of n i c k e l  s u b s u l f i d e  a5 a c a t a l y s t  f o r  hydro- 
genation, i n c l u d i n g  t h e  hydrogenolys is  o f  thiophene-type compounds. That t he  N i  3 S 2  
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present  was a c t u a l l y  f u n c t i o n i n g  as a c a t a l y s t  was demonstrated by the  decreases i n  
the  amounts o f  s i x  major  components o f  t h e  feed, and t h e  increases i n  the  amounts of 
e leven probable product  compounds, as shown i n  Table 2 f o r  runs 1 through 5, accord- 
i n g  t o  t h e  cond i t i ons  shown i n  Table 1 .  The reac tan ts ,  R ,  and probable products ,  P,  
a r e  arranged i n t o  f o u r  groups, f o l l o w i n g  the  p o s s i b l e  r e a c t i o n  mechanisms shown i n  
F i g u r e  I .  The r e a c t i o n  in termediates,  i n d i c a t e d  i n  F igu re  1 by brackets ,  were not  
detected. A l l  o t h e r  compounds shown were i d e n t i f i e d ,  and t h e i r  amounts determined, 
by combined gas chromatography and mass spectrometry. The observed m/e values are 
g iven i n  Table 2 ,  along w i t h  t h e  number o f  m i l l i m o l e s  o f  each compound pe r  100 g 
sample, and the  change i n  m i l l i m o l e s  p e r  100 g sample i n  go ing from the feed t o  t h e  
product .  No benzothiophene was added to  the  feed i n  run  4. 

Most  o f  the  p o s s i b l e  r e a c t i o n  mechanisms shown i n  F igure 1 f o r  the t h i n - w a l l  
n i c k e l  t ub ing  reac to rs  have been s t u d i e d  i n  depth by o t h e r  researchers under va r ious  
cond i t i ons  o t h e r  than w i t h  n i c k e l  s u b s u l f i d e  c a t a l y s t .  Qader and H i l l  ( 4 )  have 
shown the sequence naphthalene -+ t e t r a l i n  -+ methy l indan -+ indan + alkylbenzene. 
Penninger and Slotboom (5) have f u r t h e r  d e t a i l e d  t h e  s teps leading from t e t r a l i n  
t o  alkylbenzenes. Rollman (6) has d e f i n e d  the  s teps i n  the  convers ion o f  benzothiophene 
t o  alkylbenzene, as have Fu r insky  and A h e r g  (7).  
s teps i n  the convers ion o f  2-methylnaphthalene t o  t e t r a l i n  and alkylbenzene as have 
Qader fl. (9). The two convers ion sequences: 1) phenanthrene -+ dihydrophenanthrene 
-t e thy lb ipheny l  -+ b ipheny l ;  2) phenanthrene -+ tetrahydrophenanthrene -+ a lky lnaphthalene 
-f t e t r a l i n  have been d e t a i l e d  by Wu and Haynes (IO). 
b ipheny l  + b iphenyl  has been shown by O l t a y  gtt. i n  a second paper (111, as w e l l  
as Penninger and Slotboom (5). 

O l tay  sfi. (8) have shown the 

The sequence f l uo rene  -+ methy l -  

The hydrogen permeable c a t a l y s t  tube i n  run  2 ,  whichwas regenerated w i t h  a i r  
o x i d a t i o n  a f t e r  be ing  used i n  run 1 ,  and then r e s u l f i d e d ,  showed the  g rea tes t  a c t i v i t y  
o f  t h e  f i v e  tubes used. The lowest a c t i v i t y  was shown f o r  the tube i n  run 1 ,  lower 
than the  tubes used i n  runs 4 and 5, which were n o t  p r e s u l f i d e d  w i t h  t h e  H2 + HPS 
mixture.  In these l a t t e r  two runs a more e f f e c t i v e  n i c k e l  subsu l f i de  coa t ing  was 
ob ta ined  by t h e  r e a c t i o n  o f  t h e  o r g a n i c  s u l f u r  compounds present  i n  the  t a r  o i l  (0.64 
we igh t  percent  s u l f u r ) ,  and t h e  r e a c t i o n  o f  t h e  benzothiophene added t o  t h e  t a r  o i l  
feed. The smal l  amount o f  s u l f u r  i n  t h e  t a r  o i l  was as e f f e c t i v e  i n  run 4 as was 
the  much l a r g e r  amount o f  benzothiophene added t o  t h e  t a r  o i l  i n  run 5. The used 
tubes from a l l  runs d i d  n o t  have any n o t i c e a b l e  carbon deposi ts ,  even a f t e r  13  hours 
ope ra t i on .  The r e l a t i v e l y  low o p e r a t i n g  temperature o f  400°C was probably  h e l p f u l  
i n  t h i s  regard, and i t  seems reasonable t o  assume t h a t  the c leansing a c t i o n  o f  the 
d i f f u s i n g  hydrogen, as descr ibed by Rudd ( I ) ,  was opera t i ve .  Only smal l  amounts o f  
hydrocarbon gases were detected i n  t h e  gas i n  the  tub ing ,  i n d i c a t i n g  t h a t  l i m i t e d  
c rack ing  has occurred, whether hyd roc rack ing  o r  thermal crack ing.  Typ ica l  concentra- 
t i o n s  observed were 0.14 volume percent  methane and 0.03 volume percent  ethane, t h e  
remainder be ing the hydrogen r e q u i r e d  to ma in ta in  the  1,000 p s i g  tube-s ide pressure. 

2. Runs w i t h  Pure Compounds i n  N i  Tubes. A s e r i e s  o f  s i x  t e s t  runs (runs 6 through 
1 1 )  on  the hydrogen p e r m e a b i l i t y  o f  t h i n  w a l l  nickel-ZOO t u b i n g  a t  va r ious  tempera- 
tu res  and d i f f e r e n t i a l  pressures, and on t h e  degree o f  hydrogenat ion o f  f o u r  d i f f e r -  
e n t  pure p o l y c y c l i c  a romat i c  compounds used as model compounds was l i k e w i s e  con- 
ducted. The hydrogen d i f f u s i v i t i e s  were measured from the  s h e l l  s i d e  t o  the i nne r  
t u b i n g  s ide  ove r  the  s h e l l  t o  t u b i n g  pressure d i f f e r e n t i a l  range o f  300 t o  1,700 ps ig ,  
and temperatures o f  400" and 450". 
d i f f u s i n g  through the  w a l l  a t  a Ap o f  300 p s i g  was e s s e n t i a l l y  zero. The HP f l ow  
through the w a l l  increased r a p i d l y  w i t h  i nc reas ing  Ap, l e v e l i n g  o f f  a t  about 0.45 
1 i t e r s / h r  a t  400'C and 1,500 p s i g  Ap, and about 0.65 1 i t e r s / h r  a t  450 C"and 1,700 
p s i g  Ap. 

A t  b o t h  temperatures the  amount o f  hydrogen 

The ins ide  o f  t h e  n i c k e l  t u b i n g  was s u l f i d e d  by r e a c t i n g  a t  400°C w i t h  about 
X-ray d i f f r a c t i o n  8 cu. ft. o f  a 50-50 m i x t u r e  o f  hydrogen s u l f i d e  and hydrogen. 

ana lys i s  showed the p r i n c i p a l  component t o  be n i c k e l  subsu l f i de .  The inne r  su r face  
was covered w i t h  a very rough t e x t u r e  o f  t i n y ,  dark grey c r y s t a l l i t e s  o f  t h i s  
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mate r ia l .  
Benzothiophene was added t o  a l l  l i q u i d  feeds i n  o rde r  t o  ensure maintainance of  t h i s  
s u l f i d e d  surface. SEM ana lys i s  gave 0.2 um as a t y p i c a l  c r y s t a l l i t e  s i ze .  

There was no s i g n i f i c a n t  decrease i n  hydrogen p e r m e a b i l i t y  a f t e r  S u l f i d i n g .  

Phenylcyclohexane was chosen as the so l ven t  f o r  t h e  model compounds because o f  
i t s  presumed r e l a t i v e  i ne r tness  and because i t  i s  a l i q u i d  a t  room temperature. 
Runs were made w i t h  about 5 t o  about 13 weight  percent  o f  each o f  t h e  fou r  model 
compounds d i sso l ved  i n  t h i s  so l ven t .  The Ap was 700 o r  750 p s i g ,  w i t h  the inner  tube 
pressure about 1.000 ps ig .  Temperatures o f  290, 340, 400 and 450°C were used, gen- 
e r a l l y  w i t h  a feed residence t i m e  o f  about 1 hour, and u s u a l l y  somewhat less than the  
s t o i c h i o m e t r i c  hydrogen requ i red  f o r  complete hydrogenat ion o f  t h e  cmponents present .  
Table 3 shows t h e  r e s u l t s  f o r  gas chromatographic analyses o f  t h e  products. There 
was a general t r e n d  t o  g rea te r  hydrogenat ion w i t h  h i g h e r  temperature and longer  res -  
idence t i m e ,  as would be expected. 

Porous N i  cke 1 -Mo 1 yb denum Reactors 

1 .  Runs w i t h  Pure Compounds i n  Ni-Mo Tubes. The run c o n d i t i o n s  a r e  summarized i n  
Table 4 f o r  theNi-Mo tub ing  reactors .  The r e s u l t s  f o r  t he  gas chromatographic a n a l y s i s  
of the rece ive r  product  f o r  runs 12 and 13 w i t h  pure compounds a r e  s h w n  i n  Table 5. 
A t  low hydrogen pressure (650 p s i g )  i n s i d e  t h e  tub ing,  w i t h  about 4.5 p s i g  d i f f e r e n t i a l  
pressure f o r  d i f f u s i n g  the hydrogen through the pores o f  the tub ing  from t h e  s h e l l  
s ide,  t he re  was s u b s t a n t i a l  r e a c t i o n  of  t h e  phenanthrene (45% convers ion)  and t h e  
benzothiophene (27% conversion). Biphenyl i n  the  product  probably  came from hydro- 
genolys is  o f  dihydrophenanthrene. The alkylbenzenes came i n  p a r t  f rom the phenanthrene 
and benzothiophene b u t  probably  a l s o  from hydrogenolys is  o f  t he  so l ven t ,  phenylcyc lo-  
hexane. High y i e l d s  o f  alkylbenzenes were ob ta ined  i n  the  t h i n - w a l l  n i c k e l  tube runs 
i n  the absence o f  phenylcyclohexane (Table 2). 
( I  ,350 p s i g )  enough of the i n te rmed ia te  d i -  and tetrahydrophenanthrenes were produced 
t o  be detected, and the  amount o f  b iphenyl  increased. The apparent increase i n  t h e  
amounts o f  phenanthrene and benzothiophene was due t o  loss o f  v o l a t i l e s ,  probably  
most ly  benzene, as shown by the  unexpectedly low y i e l d  o f  t h i s  product .  As w i l l  be  
seen f o r  the r e s u l t s  from t h e  comparable runs a t  these pressures w i t h  t a r  o i l  as feed, 
t h e  m s t  reasonable es t ima te  i s  t h a t  t he  amount o f  convers ion was doubled upon 
doubl ing the pressure,  as i n d i c a t e d  by the  y i e l d s  o f  to luene,  xylenes, and b ipheny l .  

A t  the h i g h e r  hydrogen pressure 

I n  two runs w i t h  pure compounds, des ignated 1 3 - S  and 14-5, a t  t h e  run cond i t i ons  
shown f o r  runs 13 and 14 i n  Table 4, product  from the  t o p  ( e x i t )  end of the c a t a l y s t  
tube dra ined down the ou ts ide  o f  t h e  tube i n t o  the  c o l d  lower  p o r t i o n  o f  t h e  pressur-  
i zed  s h e l l ,  f rom which i t  was dra ined a t  t h e  conclus ion of t h e  run, r a t h e r  than from 
the  product rece ive r .  It was observed i n  these runs under these p a r t i c u l a r  ope ra t i ng  
cond i t i ons  the re  was even g rea te r  convers ion t o  benzene, alkylbenzenes, and b iphenyl .  
The dihydrophenanthrene was l a r g e l y  conver ted t o  b ipheny l  under these cond i t i ons ,  
b u t  i n  so doing the  i n te rmed ia te  methy lb iphenyl  was produced in  l a r g e  enough amount 
f o r  detect ion.  The amount o f  convers ion was increased upon decreas ing the LHSV from 
20.0 t o  13.3, i.e., upon inc reas ing  the  residence t ime f rom 3.0 t o  4.5 minutes, as 
i nd i ca ted  by the  y i e l d s  o f  toluene, xylenes, and b ipheny l .  The p roduc t i on  o f  
naphthalene i n  t h i s  run would i n d i c a t e  the  fo rma t ion  o f  t h e  i n te rmed ia te  te t rahy -  
drophenanthrene, b u t  none c o u l d  be  detected. 

2. Runs w i t h  Tar O i l  Feed i n  Ni-Mo Tubes. The r e s u l t s  f o r  t he  gas chromatographic 
ana lys i s  o f  t h e  r e c e i v e r  product  f o r  runs 15 and 16 w i t h  coa l  t a r  creosote o i l  feeds 
a r e  shown i n  Table 6. I n  run 15 considerable t o t a l  hydrogen s u l f i d e  was evolved, 
showing t h a t  t he  0.6 w t .  % s u l f u r  i n  the  feed was i n s u f f i c i e n t  t o  ma in ta in  a heavy 
s u l f i d e  coa t ing  i n s i d e  t h e  nickel-molybdenum tub ing .  Th is  was probably  because t h e  
hydrogen p e r m e a b i l i t y  o f  t h e  Ni-Mo tub ing  was so h i g h  as i n d i c a t e d  by the pressure 
d i f f e r e n t i a l s  o f  o n l y  5 t o  10 p s i g  (Table 41, compared t o  700 p s i g  f o r  the t h i n - w a l l  
n i c k e l  t ub ing  (Table 1 ) .  Nevertheless, a s i g n i f i c a n t  convers ion o f  var ious feed 
components was observed. MoSz, molybdenum d i s u l f i d e ,  a known hydrogenat ion c a t a l y s t ,  
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was present  i n  the Ni-Mo tube, as w e l l  as N i 3 S 2 .  

a l s o  shown, 
The presence o f  MoNih a l l o y  was 

Analys is  of the  product  gas from run 15 showed 0.29 vo l .  %hydrogen  s u l f i d e ,  
whereas the gas from run 16 had no de tec tab le  HzS,  showing t h a t  the metal s u l f i d e  
l a y e r  had s t a b i l i z e d  w i t h  the  smal l  s u l f u r  content  o f  t h e  feed. The hydrocarbon 
i n  l a r g e s t  q u a n t i t y  i n  the  gas f rom run  15 was propane a t  0.14 vo l .  %. 
seem t o  i n d i c a t e  hydrocrack ing o f  the  s a t u r a t e d  r i n g s  o f  hexahydropyrene t o  y i e l d  
propane and naphthalene, or propane, ethane, and methylnaphthalene. 
t h a t  t he  pr imary product  was methylnaphthalene i n  run 15. The product  gas f rom run  
16 showed methane a t  2.67 vo l .  %, and ethane a t  0.26 vo l .  % to  be t h e  hydrocarbon 
gases i n  the l a r g e s t q u a n t i t i e s .  This would seem t o  i n d i c a t e  hyd roc rack ing  o f  t he  
sa tu ra ted  r i ngs  o f  tetrahydroacenaphthene t o  produce these gases and alkylbenzenes. 
Table 6 shows t h a t  t he  pr imary reac tan t  was acenaphthene,with tetrahydroacenaphthene 
and a lky lbenzene the  major products .  

Th is  would 

Table 6 shows 

These p o s s i b l e  r e a c t i o n  mechanisms, and o the rs ,  a re  shown i n  F igu re  2. The hy- 
drogenated d e r i v a t i v e s  o f  pyrene and f luoranthene c o u l d  n o t  be detected, and so a r e  
shown i n  brackets .  However, tetrahydroacenaphthene (Table 61, dihydrophenanthrene 
(Table 51, and tetrahydrophenanthrene (Table 5)  were a l l  found i n  s i g n i f i c a n t  
quan t i  t i e s  when us ing the porous nickel-molybdenum tub ing  reac to rs .  The on ly  reason- 
a b l e  source f o r  the pentane found by GC would be the  hydrocrack ing o f  phenylcyclohexane. 
Qader and H i  1 1  
t e t r a l i n  -f benzenes. 
two conversion sequences f o r  phenanthrene. F1 uoranthene a l s o  has t h e  sequence lead- 
i n g  t o  te t rahyd ro f l uo ran thene  and then, by hydrocrack ing,  t o  methy lb iphenyl .  

Porous Cobal t-Molybdenum Reactors 

(4) have shown the  sequence pyrene -t hydropyrenes -+ naphthalenes -f 

As mentioned p rev ious l y ,  Wu and Haynes (10) have o u t l i n e d  t h e  

Runs were made us ing the  porous cobalt-molybdenum tub ing  f a b r i c a t e d  a t  ORNL and 
pure compounds (phenanthrene and benzothiophene) d i sso l ved  i n  phenylcyclohexane. The 
inne r  sur face o f  the t u b i n g  was s u l f i d e d  b e f o r e  use i n  the  same manner as f o r  t he  
nickel-molybdenum tubing.  The o p e r a t i n g  c o n d i t i o n s  and t h e  r e s u l t s  f o r  gas chromato- 
g raph ic  ana lys i s  o f  t he  products, a r e  summarized i n  Table 7. 

The respec t i ve  run nunhers, weight  o f  feed m a t e r i a l  (g), pump r a t e  (g /hr ) ,  and 
t o t a l  run t ime (hr )  were: 17, 32.82, 45, 2.00; 18, 189.4, 50.49, 2.25; 19, 239.2, 
26.3, 2.50. 
the Ni-Mo reactors ,  the respec t i ve  run numbers, average hydrogen f l o w  ( l / h r ) ,  and 
t o t a l  hydrogen f l o w  (1) being: 17, 4.7, 9.4; 18, 7.2, 16.3; 19, 5.64, 14.1. 

The hydrogen f lows f o r  t he  Co-Mo reac to rs  were ve ry  s i m i l a r  t o  those f o r  

A comparison o f  t h e  r e s u l t s  f o r  t h e  porous Ni-Mo reac to rs  i n  Table 5 w i t h  
those f o r  the porous Co-Mo reac to rs  i n  Table 7 shows t h a t  the reac t i ons  o f  t h e  pure 
compounds were s i m i l a r ,  b u t  t he  s u l f i d e d  Co-Mo appeared t o  have a l i t t l e  g rea te r  
a c t i v i t y  than t h e  s u l f i d e d  Ni-Mo, a t  t he  same approximate temperature and pressure,  
f o r  t h e  p roduc t i on  o f  dihydrophenanthrene and i t s  hyd roc rack ing  products ,  d imethy l -  
b ipheny l ,  methy lb iphenyl ,  and b iphenyl ,  and t h e  p roduc t i on  o f  tetrahydrophenanthrene, 
and i t s  c rack ing  product, naphthalene. 

Hydrogen Permeabi 1 i t y  

It was n o t  p o s s i b l e  to  measure hydrogen p e r m e a b i l i t y  o f  t h i n - w a l l  n i c k e l  t u b i n g  
du r ing  a run, because o f  t h e  r e l a t i v e l y  low r a t e  o f  hydrogen f low,  and p e r m e a b i l i t i e s  
had t o  be measured beforehand w i t h  the empty tub ing,  making hydrogen s to i ch iomet ry  
c a l c u l a t i o n s  d i f f i c u l t .  However. d i r e c t  hvdroaen f l o w  measurements cou ld  be made , -  

d u r i n g  the runs w i t h  t h e  porous n icke l -molybdenumtubing (Table 4) f o r  
t he  amounts requ i red  f o r  any presumed s e t  of hydrogenat ion react ions.  
c e r t a i n  react ions,  such as . the hyd roc rack ing  o f  t he  phenylcyclohexane 
54 t o  89% o f  t h e  a v a i l a b l e  hydrogen was consumed i n  t h e  pu re  compound 
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t o  90% i n  the  t a r  o i l  runs. 
act ions,  i t  appears t h a t  e s s e n t i a l l y  a l l  hydrogen was consumed except t h a t  requ i red  
t o  ma in ta in  pressure on the  i n s i d e  o f  t h e  tub ing.  
t h e  porous Ni-Mo tub ing  a l lowed economical ly  low feed res idence t imes o f  on l y  3.0 
t o  12.6 minutes. 

When es t ima t ions  a r e  a l l owed  f o r  these neglected re -  

The h i g h  hydrogen f l o w  ra tes  w i t h  

A s i m i l a r  s i t u a t i o n  e x i s t e d  f o r  t h e  Co-Mo tub ing.  

As long as hydrogen flow was mainta ined through the  t u b i n g  w a l l ,  t h e r e  was never 
any i n d i c a t i o n  o f  carbon deposi ts ,  even a f t e r  many hours use on successive runs. 
However, i n  one instance, a t  t h e  t e r m i n a t i o n  o f  run I 6  a t  400°C. t h e  pressure d i f f e r -  
e n t i a l  o f  IO p s i g  H2 f rom the  s h e l l - s i d e  t o  the  tub ing -s ide  was l o s t ,  a l l o w i n g  the  
t a r  o i l  feed t o  pene t ra te  t h e  pores under cond i t i ons  of poor  c o n t a c t  w i t h  hydrogen. 
A heavy carbonaceous depos i t  was produced, t y p i c a l  of ex tens i ve  crack ing.  
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TABLE 3, React ion  o f  D i f fused Hydrogen w i t h  
Pure Compounds i n  T h i n  Wal l  N i  Tubing 
w i t h  N i s S z  Coat ing ,  about 1,000 P S l G  

S o l v e n t  = Phenylcyc lohexane 

Run Temp. , 
No. O C  LHSV Compound 

6 290 1 .o Benzothiophene 

7 290 1 .o Phenanthrene 
Benzothiophene 

Benzothiophene 

Benzoth iophene 

8 290 1 .o Acenaph thene 

9 340 1 .o F luorene 

10 400 1.2 Phenanthrene 
Benzothiophene 

Benzothiophene 
11 450 0.51 Phenanthrene 

Weight % 

Feed Product  Hydrogenated 

5.74 4.68 19 

7.58 6.36 16 
6.22 5.11 18 

7.67 4.98 35 
6.25 5.63 IO 

7.79 5.13 21 
6.09 5.30 13 

12-97 7.70 41 
7.06 4.79 32 

5.21 2.62 50 
5.10 2.23 56 

TABLE 4.  Opera t ing  C o n d i t i o n s  f o r  Porous N i c k e l -  
Molybdenum Tub ing  Hydrogen Permeable 

C a t a l y s t  Reactors  a t  400°C 

Run No. 

S u l f i d i n g  Condi t ions,  
I n t e r n a l  Sur face 

Feed M a t e r i a l  

W t .  o f  Feed M a t e r i a l ,  g 

Pump Rate, g /h r  

T o t a l  Run Time, h r s  

Residence Time i n  
C a t a l y s t  Tubing. rnin 

Pressure  I n s i d e  Tubing, 
P s i 9  

Pressure  D i f f e r e n t i a l  
( s h e l l  t o  t u b i n g ) ,  p s i g  

Hydrogen Flow, l i t e r s / h r  

12 13 14 15 16 

50% HZ ; 50% HzS, 4 hours a t  4OO0C, t o t a l  gas f l o w  = 

Phenylcyc lohexane,  Phenanthrene F i l t e r e d  R e i l l y  

150.0 160.1 205.2 267.7 114.4 

56.2 64.0 41 .O 48.6 57.2 

1 .G3 1.25 1.5 1.9 2.0 

3.0 3.0 4.5 12.6 10.2 

8 f e e t  

Benzothiophene ( v a r i o u s  p r o p o r t i o n s )  Tar  O i  1 

650 1,350 1,350 767 1,380 

4.5 10.0 10.0 8.5 10.0 

6.26 5.56 4.50 5.40 5.1.0 

5a 



TABLE 5. React ion o f  Pure Compounds a t  400°C w i t h  Hydr,ogen 
D i f f u s i n g  Through Porous Nickel-Molybdenum Tubing 

w i t h  a S u l f i d e d  Inne r  Wal l  

Feed: 4.52 w t .  % benzothiophene 
10.17 wt. % phenanthrene 
(sol vent  : pheny 1 cyclohexane) 

Run No. 

Pressure, p s i g  1350 

LHSV 20.0 20.0 

Benzene 
To 1 uene 
Xylenes 
Trimethylbenzenes 
Biphenyl 
D i hydrophenanthrene 
Tetrahydrophenanthrene 
Phenanthrene 
Benzothiophene 

16.56 0.69 
0.63 1.49 
1.77 3.33 
0.06 0.97 
0.58 1.28 
0.00 2.26 
0.00 1.09 
5.60 12.03l 
3.29 7.97l 

I 

'High, due t o  l oss  o f  v o l a t i l e s ,  mos t l y  benzene. 

TABLE 6.  React ion o f  Coal Tar Creosote O i l  a t  400°C 
w i t h  Hydrogen D i f f u s i n g  Through Porous N icke l -  

Molybdenum Tubing w i t h  S u l f i d e d  Inner  Wall 

Composit ion 

Run No. 
LHSV 
Pressure, p s i g  

Reactants - Feed 

Acenaphthene 8.61 
Phenanthrenes' 20.01 
Pyrene 6.68 
Fluoranthene 5.83 

Tota l  

P roduc ts  

Benzene 0.00 
To1 uene 0.10 
i y l e n e s  0.16 
lndan 1.23 
T e t r a  1 i n  1.15 
Methylnaphthalenes 11.70 
Tetrahydroacenaphthene 0.00 

Tota l  

15 
4.8 
767 

Rece i ve r 
Product 

19.06 
4.30 
4.81 

8.45 

0.21 
0.10 
0.20 
1.57 
1.60 

14.56 
0.34 

Decrease 

0. I6 
0.95 
2.38 
1.02 
4.51 

Increase 

0.21 
0.00 
0.04 
0.34 
0.45 
2.86 
0.34 
K-Z  

'Phenanthrene p l  US rnethylphenanthrenes. 

59 

Weight % 

Feed 

8.23 
20.77 

5.59 
5.99 

- 

0.00 
0.33 
0.21 
1.99 
1.45 
9.29 
0.00 

16 
5.9 
1,380 

Rece i ver  
Product 

4.03 
18.44 
3.52 
4.09 

1.52 
2.22 

3.06 
2.15 

10.91 
1.85 

2.03 

Decrease 

4.20 
2.33 
2.07 
1 .go 

10.50 

Increase 

1.52 
1.89 
1.82 
1.07 
0.70 
1.62 
I .85 

- 

10.47 



TABLE 7. React ion of Pure Compounds w i t h  Hydrogen 
D i f f u s i n g  Through Porous Cobalt-Molybdenum 

Tubing w i t h  S u l f i d e d  Inner  W a i l  

So lvent  = Phenylcyclohexane 

Run No. 
Temp., " C  
Pressure i n s i d e  

tube, p s i g  
Pressure, d i f f -  
e r e n t i a l ,  p s i g  

Residence t ime,  min. 
LHSV 

17 
350 

750 

20 
11.4 
5.3 

18 
400 

728 

9.0 
10.2 
5 . 9  

Composition, Weight 8 

19 
400 

1,495 

7.0 
19.2 
3.1 

Pentane 
Benzene 
To1 uene 
Xy 1 enes 
T r  i m e t  hy 1 benzenes 
Naphthalene 
B i pheny 1 
Methy 1 b i  pheny 1 
O i  methy 1 biphenyl 
D i  hydrophenan threne 
Te t rahydrophenan t hrene 
Phman threne 
Ben z o t  h i op hene 

Feed 

0.00 
0.64 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

11.82 
4.42 

- Product  

0.00 
6.91 
0.02 
1.93 
0.00 
0.62 
0.00 
0.00 
0.00 
0.00 
0.00 
5.05' 
4.42' 

60 

Feed 

0.00 
0.60 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

12.12 
4.51 

- Product 

2.73 
7.54 
4.73 
6.36 
1.13 
4.68 
3.46 
0.00 
0.00 
0.05 
0.00 
5-70'  
5.40' 

-- Feed 

0.00 
1.75 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

13.28 
5.27 

- Product 

0.00 
0.03 
0.08 
1.74 
0.59 
2.20 
4.49 
0.99 
1.12 
5.97 
2.08 

23.74: 
5.28 

P 

1 
I 
I 

P 
I 

I 

I 
I 

I 

I 

I 

I 

'High, due t o  loss of v o l a t i l e s ,  p r i m a r i l y  pentane and benzene. 
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